We report the identification and characterization of 2,000 human diallelic insertion/deletion polymorphisms (indels) distributed throughout the human genome. Candidate indels were identified by comparison of overlapping genomic or cDNA sequences. Average confirmation rate for indels with a у2-nt allele-length difference was 58%, but the confirmation rate for indels with a 1-nt length difference was only 14%. The vast majority of the human diallelic indels were monomorphic in chimpanzees and gorillas. The ratio of deletion:insertion mutations was 4.1. Allele frequencies for the indels were measured in Europeans, Africans, Japanese, and Native Americans. New alleles were generally lower in frequency than old alleles. This tendency was most pronounced for the Africans, who are likely to be closest among the four groups to the original modern human population. Diallelic indels comprise ∼8% of all human polymorphisms. Their abundance and ease of analysis make them useful for many applications.
Introduction
Nearly all genetics research makes use of DNA sequence variants. Despite this, we know surprisingly little about the numbers and types of variants within human populations. DNA polymorphisms are usually defined as naturally occurring variants for which the most common allele has a frequency of no more than 99% (Gelehrter and Collins 1990) .
The vast majority of human DNA polymorphisms can be split into two groups: those based on nucleotide substitutions (commonly called "SNPs") and those based on insertion or deletion of one or more nucleotides (indels). Indels can in turn be divided into those with multiple alleles (multiallelic) and those with only two alleles (diallelic) . Nearly all of the multiallelic indels are based on tandem repeats, mostly STRs. STRPs (also called "microsatellites") have been the predominant type of polymorphism used in human genetic studies since about 1990. More recently, millions of candidate SNPs have been identified and are beginning to be applied (International SNP Map Working Group 2001) .
In contrast, diallelic indels have received very little attention. Diallelic indels vary greatly in length difference between alleles. In rare cases, the length difference between alleles can be tens or even hundreds of kilobase pairs (Lupski et al. 1996) . Some diallelic indels differ by the insertion of a retroposon, such as an Alu or L1 element . However, by far the largest group of diallelic indels are those with allele-length differences of relatively few nucleotides. The most recently published broad surveys of short indels (covering 80 polymorphisms) were by Krawczak and Cooper (Cooper and Krawczak 1991; Krawczak and Cooper 1991) . In the present article, we report basic properties of human diallelic indels determined by the analysis of 2,000 polymorphisms.
Material and Methods
For the Unigene clusters and the SNP Consortium cliques (see the "Results" section), sequences were aligned using the Fragment Assembly System (Genetics Computer Group). Because the single-pass Unigene cDNA sequences were of relatively low quality, candidate indels were considered only if the cluster contained у4 reads and if the minor allele appeared in at least two reads. All BAC-end/BAC overlaps and 14% of the BAC/BAC overlaps were aligned using a customized version of BLAST that distributed jobs nightly to idle laboratory computers. Candidates were considered from alignments of у90% overall identity. Short BAC-end sequences (Zhao et al. 2000) were paired with full BAC sequences from the Sanger, MIT, and Baylor sequencing centers. Sanger Institute public Acedb files were parsed to identify pairs of overlapping BACs (see the Sanger Institute Web site).
The remaining 86% of BAC/BAC overlap candidates were obtained by collection of large insert clone (predominantly BAC) sequences plus associated PHRAP nu- Sherry, unpublished data) were detected primarily with a BLAST similarity search. Putative overlaps were filtered using stringent criteria, to avoid overlaps that represent duplicated segments of the genome. For each overlapping clone pair, a precise, nucleotide-wise alignment was produced using the CROSS_MATCH banded Smith-Waterman dynamic-programming alignment algorithm. These alignments were analyzed with a modified version of POLYBAYES SNP-discovery software (Marth et al. 1999) . For substitutions, POLYBAYES computes an SNP confidence value by using the PHRED or PHRAP nucleotide-quality values of the sequences aligned at the candidate polymorphic site. Because nucleotide-quality values do not directly provide information on the likelihood of deleted nucleotides, a similar confidence value cannot be computed for candidate indels. Instead, an experimental, heuristic algorithm was used on the basis of the logic that highquality, well-resolved nucleotides are unlikely to represent artifactual insertions or deletions due to sequencing error. Accordingly, a high confidence value was assigned to a candidate if (1) insertion nucleotides were of high sequence quality and (2) nucleotides flanking the site of polymorphism in both the long and short alleles were of high sequence quality.
Candidate indels were further screened by manual inspection. To avoid multiallelic polymorphisms, we excluded sequences if, at the site of polymorphism, the long allele contained more than five uninterrupted, tandem mononucleotide repeats (e.g., (A) 6 ) or more than three uninterrupted, tandem repeats with 2-6-nt repeat lengths (e.g., (AC) 4 or (AAAG) 5 ). Candidates were also rejected if they contained 110 unknown nucleotides within the PCR product, if the PCR product fell entirely within an interspersed repetitive element, or if the PCR product contained 110 uninterrupted STRs outside the site of polymorphism (this last criterion was instituted after the first 751 indels). Some putative indels from the Unigene clusters were also manually rejected because of a relatively high level of mismatch among the aligned sequences, indicating low sequence quality. PCR primers were selected using Primer3 software. All PCR primers were outside the putative polymorphic regions.
PCR amplifications were performed in 96-well microtiter plates in 4-ml volumes with the following final concentrations: 10 mM Tris (pH 8.3); 50 mM KCl; 1.5 mM MgCl 2 ; 0.001% gelatin; 0.12 U Taq DNA polymerase (Sigma D1806); 100 mM each dCTP, dGTP, and dTTP; 1.25 mM dATP; 0.28 mCi of a 33 P-dATP (12,500 Ci/mmol, 10 mCi/ml; Amersham); 0.6 pmol each primer; and 32 ng of genomic DNA template. Samples were cycled 27 times through steps of 30 s at 94ЊC, 75 s at 55ЊC, and 30 s at 72ЊC, followed by a final 6 min at 72ЊC. An equal volume of loading buffer that contained 0.3% xylene cyanol, 0.3% bromophenol blue, 10 mM EDTA (pH 8.0), and 90% (v/v) formamide was added to each amplified product. Samples were denatured at 95ЊC for 10 min and were resolved on 6.5% polyacrylamide gels that contained 7.7 M urea. After electrophoresis, gels were transferred to Whatman 3 MM chromatography paper and were dried. Amplified products were visualized on autoradiographs after exposure for 6 h-30 d.
DNA templates for testing of candidate indels included several individual human DNA samples, pools of human DNA, and chimpanzee and/or gorilla DNA. Individual DNA samples included CEPH family DNA and Polymorphism Discovery Resource (PDR) samples 1-8. PDR samples are from a mix of American donors of European (42%), African (24%), Asian (24%), and Native American (10%) ancestries (see the Coriell Cell Repositories DNA Polymorphism Discovery Resource Web site) (Collins et al. 1998) . Five DNA pools were prepared using equal amounts of DNA from 21 Africans (12 Mbuti and 9 Biaka Pygmies), 25 Japanese, 25 Native Americans (14 Karitiana and 11 Rondonian Surui, both from the Amazon), 100 Europeans, and 44 PDR samples (1-44). The African, Japanese, and Native American samples were kindly provided by Ken Kidd (see the ALFRED Web site). The European samples were obtained from unidentified blood samples from 100 consecutive Marshfield Clinic patients. On the basis of a recent Marshfield-area population genetics survey, ∼99% of Marshfield Clinic patients are of European ancestry, and nearly all of these are of northern or central European ancestry. The PDR pool was not used for the first 333 indels.
Allele frequencies were estimated from the DNA pools by scanning of exposed phosphorscreens with a Storm 860 Imaging System (Molecular Dynamics). Frequencies were averaged from two independent PCR amplifications of each pool. Frequencies were not obtained for ∼10% of the indels because of weak bands or interfering nonspecific PCR products. To gauge the accuracy of our method for measurement of allele frequencies, we amplified three of the indels by using DNA from 25 individuals separately and also using a pool that contained equal amounts of DNA from those 25 individuals. The three indels had frequencies for the most common allele (in these 25 individuals) of 0.50, 0.74, and 0.98. Measured differences in allele frequencies between the individual genotypes and the pool ranged from 0.004 to 0.037 and averaged 0.018. From this test, we conclude that the great majority of our allele-frequency estimates made using the DNA pools are within 0.05 of the true allele frequencies.
Results

Identification and Confirmation
We identified candidate diallelic indels by comparing overlapping human genomic or cDNA sequences. The majority of the 2,000 confirmed indels were derived from BAC/BAC overlaps, although substantial numbers also came from Unigene cDNA sequence assemblies, BAC-end/ BAC overlaps, and SNP Consortium sequence cliques (table 1). We confirmed candidates by PCR amplification of short (70-220 bp) DNA fragments that encompassed the putative polymorphism, followed by electrophoresis on denaturing polyacrylamide gels. PCR templates for each indel included at least nine individual DNA samples, pools of DNA from different human populations, and at least one great ape sample (for most indels, a single chimpanzee sample). Altogether, we screened a minimum of 360 human chromosomes for each candidate. Criteria for confirmation of the polymorphisms were the presence of no more than two alleles of the expected PCR-product length and the presence of at least one homozygote among the individual DNA samples and/or substantial variation in allele frequency among the different population pools.
Of the total 3,721 primer pairs tested, 92.7% supported amplification of DNA of the expected length. Of the primer pairs with successful PCR, 58.0% led to confirmed polymorphisms. The Unigene and BAC-end/BAC overlap sequence sources had the lowest confirmation rates; the BAC/BAC and SNP Consortium sources had the highest rates (table 1). The great majority of unconfirmed candidates gave a PCR product of only a single length in all individuals and pools. Approximately 3% of the primer pairs that supported amplification yielded both long and short alleles in approximately equal amounts in all individuals and pools. We believe that most of the aligned sequences in these cases are paralogs-nearly identical sequences from two or more distinct genomic locations with long alleles at one locus and short alleles at a second.
As shown in table 2, confirmation rates increased dramatically as the length difference between alleles increased from 1 to 4 nt. Above 4 nt, confirmation rates slowly drifted downward. All of the 2,000 indels described in the present article have у2 nt between alleles. The confirmation rate for 1-nt length differences was so low that we abandoned efforts on this group early in the project. Most (85%) of the 1-nt-length-difference candidates had mononucleotide tandem repeats of у2 nt-for example, (A) 3 -in the long allele. These candidates had a confirmation rate of only 11%. For the remaining 15% of candidates without mononucleotide runs, the confirmation rate was 31%.
Evolution
To study evolution of the indels and to determine ancestral state, we amplified DNA from chimpanzees and gorillas. We attempted to amplify the first 100 indels in a set of six individual gorilla samples and/or in pools of two to five chimpanzee DNAs. Of the 87 indels that were amplified successfully, only three showed any evidence of length polymorphism in the ape DNA, and in none of these cases did both ape alleles match both human alleles in length. For a second group of 100 indels, we amplified DNA from four unrelated chimpanzees. Only one of these indels displayed length variation in the chimpanzees, and the alleles in that case were also different than they were in humans. For the remaining 1,800 indels, the single chimpanzee DNA sample tested appeared to carry both human alleles in only two cases. Therefore, only very rarely are the human length variations shared with chimpanzees or gorillas. Our data indicate that nearly all of the 2,000 indels arose since the divergence of the human/chimpanzee/gorilla common ancestors. The monomorphic alleles in chimpanzees and gorillas very likely represent the ancestral states of these sequences.
Typing of the ape DNA therefore allowed us to split the 2,000 indels into four mutation groups (table 3) . Deletion or insertion mutations were indicated when the chimpanzee allele matched exactly in length, respectively, the long or short human allele. We also observed We also compared allele lengths for indels that were amplified using both gorilla and chimpanzee DNA. Of the 65 indels for which we had data from both apes and for which the gorilla allele matched either the long or short human allele, chimpanzee alleles were the same length as the gorilla allele in 61 cases. This provides further support that the ape DNA represents the ancestral state. We also examined a group of 70 indels for which either the chimpanzee (most cases) or gorilla DNA was different in length from either human allele (taken from the "Other" category in table 3). In 30 cases (43%), the allele from the second ape species matched one of the human alleles in length. These cases can easily be explained by an independent deletion or insertion event within the PCR product in the chimpanzee or gorilla ancestral line after divergence from the common human/ chimpanzee/gorilla ancestor. In 32 cases (46%), both chimpanzee and gorilla alleles were the same length but differed in length from either human allele. These cases can most easily be explained by two separate indel mutations in the human ancestral line after divergence from the common ancestor. The first mutation became fixed in the human line, and the second led to the current, observed polymorphism. This interpretation is consistent with the lower nucleotide diversity observed in humans compared to chimpanzees or gorillas (Kaessmann et al. 2001) . In eight cases (11%), the chimpanzee and gorilla alleles differed in length from each other, as well as from both human alleles. These cases can be explained by the occurrence of independent indel mutations in both chimpanzee and gorilla lines after divergence. In six of these last eight cases, a relatively highly mutable mononucleotide run of 6-15 nt was present within the PCR product (but not at the site of the human polymorphism).
Distribution of length differences between long and short alleles for the 2,000 indels is shown in table 4.
There were approximately equal numbers of indels with 2-, 3-, or 4-nt length differences, and these three groups comprised 71% of the total. Beyond 4-nt length differences, the numbers of indels dropped off with increasing length difference. There were 10 indels with a у30-nt length difference; the greatest length difference was 55 nt. Indels with greater length differences are increasingly more difficult to detect, because the length difference adversely affects sequence-alignment algorithms. Insertions had a modest dearth of 2-nt length differences and an excess of 4-nt length differences compared to deletions, but, overall, the two groups did not differ greatly.
The 2,000 diallelic indels mapped to all 24 chromosomes. The distribution of indels among the chromosomes, however, was biased. For example, 45% of the indels mapped to chromosomes 5, 6, 7, and 22, whereas only 2.8% of the indels mapped to chromosomes 4 and 8. We believe that this bias can be largely or entirely explained by differential availability among the chromosomes of overlapping sequences at the time of indel development.
Allele Frequencies
Using DNA pools from different human populations, we measured allele frequencies for ∼90% of the diallelic indels. Distributions of long-allele frequencies in five populations plus an average of the populations are displayed in figure 1. As expected from comparison (in most cases) of only two overlapping sequences, the indels generally had high informativeness. Fifty-one percent of the indels had population-average frequencies of the minor allele that were in the range of 30%-50%, and only 8% had population-average minor-allele frequencies of 0-10%. Note that, for indels that arose by DNA insertion, long-allele frequencies were shifted toward low values. For indels that arose by DNA deletion, the shift was toward high values (see also table 5). This trend was most pronounced for the Africans and was least pronounced for the Native Americans. The European and "mixed" population (PDR and population average) distributions were hump-shaped, with relatively few indels at extreme frequencies, whereas the Native American distributions were bowl-or U-shaped, with the greatest number of indels at frequency extremes. Among the "unmixed" populations (Africans, Europeans, Japanese, and Native Americans) for both deletions and insertions, Africans had the greatest mean long-allele-frequency deviations from 0.50, and Native Americans had the highest SDs (table 5) . The average long-allele frequencies of all indels combined are 10.50 because of the predominance of deletions.
We next considered indels that were informative or uninformative in only one or two populations (table 6) . Europeans, Africans, and Europeans/Africans combined had by far the largest number of indels informative in only those populations. Africans, Native Americans, and Japanese/Native Americans combined had the largest numbers of uninformative indels.
As a final comparison of the populations, we plotted long-allele frequencies from one population against the others in pairs. Linear correlation coefficients for these plots are shown in table 7. Not unexpectedly, Africans were the most divergent population. Among the unmixed populations, Europeans/Japanese and Japanese/Native Americans had the highest correlations. Correlations with the PDR pool were generally high, with the European/PDR value being highest of all.
Complete information for all 2,000 indels is available at the dbSNP (Sherry et al. 2000) and Marshfield Web sites. Tables with indel data, including population allele frequencies, can be downloaded from the Marshfield Web site.
Discussion
The overall confirmation rate for the 2,000 diallelic indels was 58%. When the highest-quality candidate polymorphisms were utilized (accounting for PHRED or PHRAP nucleotide-quality values), this rate climbed to ∼70% (table 1) . Even so, the rate for the indels was lower than NOTE.-Numbers of indels that are informative only in each population or each pair of populations are listed in the upper right half of the array (italic); numbers of indels that are uninformative only in each population or each pair of populations are listed in the lower left half of the array (boldface). In this table, informative indels are defined as having allele (long or short allele) frequencies у20.0% in the population or pair of populations under consideration and frequencies of the same allele р5.0% in the other two or three populations. Uninformative indels are defined as having allele frequencies р5.0% in the population or pair of populations under consideration and frequencies у20.0% in the other populations.
a Numbers of uninformative indels in the individual populations. b Numbers of informative indels in the individual populations.
published confirmation rates for SNPs of ∼83% (International SNP Map Working Group 2001; Marth et al. 2001) . Possible reasons for this difference include the lack of sequence-quality values for missing nucleotides (see the "Material and Methods" section), increased rates of indel-sequencing errors compared to substitutions, and increased artifacts that occurred during Escherichia coli subcloning. Confirmation rates for candidate indels with 1-and, to a lesser degree, 2-nt allele-length differences were especially low (table 2) . This is important because indels with 1-nt allele-length differences are most abundant of all (Antonarakis et al. 2000; Berger et al. 2001; Halangoda et al. 2001; Wicks et al. 2001 ; also see below). The confirmation rate improved somewhat (to 31%) for indels with 1-nt allele-length differences that did not contain runs of mononucleotides at the site of polymorphism.
We observed a ratio of deletion:insertion mutation events leading to the indels of 4.1 (table 3) . This value agrees reasonably well with the ratio of 2.7 taken from the Human Gene Mutation Database and with somatic mutation studies of the lacI (ratio 3.7) and p53 (ratio 3.4) genes (Halangoda et al. 2001) . Support for our categorization of the indels as either insertions or deletions is justified by large differences in allele-frequency distributions between the two groups ( fig. 1) and by large differences between the two groups in mechanism of mutation (J. L. Weber, R. Boudreau, and D. David, unpublished data).
The finding that nearly all human diallelic indels are apparently monomorphic in chimpanzees and gorillas closely matches results reported previously for SNPs (Hacia et al. 1999 ). The average lifetimes for both types of polymorphisms appear to be significantly shorter than the ∼6 million years since the common human/ chimpanzee ancestor (Clark 1997; Miller et al. 2001) .
When considering allele frequencies for the indels, it is important to recognize the ascertainment bias in informativeness due to the nature of the overlapping sequences used to identify the indels. The great majority of the sequence overlaps that we used contained only two sequences. With only two sequences, the probability of detecting the polymorphism is equal to the heterozygosity. In addition, there is a likely population bias in the identification of the polymorphisms. The ancestries of the DNA donors for the bulk of the public human genome sequencing were not reported (International Human Genome Sequencing Consortium 2001). Our data indicate, however, that, of the four populations that we studied, Europeans are closest to the major DNA donors for sequencing. Support for this conclusion comes from the relatively large numbers of indels informative in only the Europeans (or Europeans/Africans) and from the relatively small number uninformative in only the Europeans (table 6). Europeans also had the fewest number of indels with minor-allele frequency !10% or !2%, the highest average heterozygosity at 37% (Japanese and Africans each had 33%, and Native Americans had 30%), and hump-shaped distributions for long-allele frequencies ( fig. 1) .
Even with the limitations described above, some population genetics and evolutionary conclusions can be drawn from our data. Of the four populations studied, African Pygmy new-allele-frequency distributions are clearly closest to the shape expected for neutral alleles in a population of constant size (Fu 1995; Subrahmanyan et al. 2001) . The Africans have the greatest bias toward low frequencies for the new alleles ( fig. 1 and table 5) . Watkins et al. (2001) obtained very similar results for polymorphisms based on insertion of Alu elements and for a relatively small group of SNPs. The Africans appear to be most similar to the original modern human population and to have undergone no severe population bottlenecks (Tishkoff et al. 2000; Jorde et al. 2001) . In contrast, Europeans, Japanese, and Native Americans all appear to have undergone at least one relatively severe population bottleneck. These populations have less bias toward low frequencies for new alleles and have higher SDs for average allele frequencies than the Africans. The Native Americans probably passed through more than one severe bottleneck, since they show bowlshaped long-allele-frequency distributions ( fig. 1) . As a population passes through a bottleneck, allele frequencies tend to change rapidly; rare neutral alleles usually drop in frequency, but some increase dramatically. The 36 indels uninformative in only the Africans (table 6) may be examples of the latter case.
Our results are also consistent with many evolutionary trees that have been drawn for modern human populations. Africans are clearly the most distant group compared to the other three (table 7) . Of the three "out of Africa" populations, the Japanese and Native Americans are clearly the most closely related pair, as demonstrated by their relatively high correlation coefficient (table 7) and also by the relatively large numbers of indels that are uninformative in only the Native Americans/Japanese (table 6) .
Nearly all diallelic polymorphisms, even those with high average informativeness, will have low informativeness in some human populations. As an example, of the 909 indels with population-average long-allele frequencies between 30% and 70%, 176 (19%) had a minor-allele frequency of р10% in at least one of the four populations that we studied. Care will have to be taken to ensure that diallelic polymorphisms chosen for generic screening sets have reasonable informativeness in all major world populations.
It is important to keep in mind that, although substitutions (i.e., SNPs) are the most abundant class of human polymorphisms, indels are also quite common. (Although the term "SNP" has occasionally been used to cover indels with a 1-nt allele-length difference, we recommend that this term be restricted to substitutions.) As shown in table 8, indels comprise ∼20% of all human DNA polymorphisms. The numbers in table 8 that are from the Human Gene Mutation Database may be biased toward indels because this catalog contains mostly mutations that severely disrupt gene function. The estimates from the overlapping BACs for the whole genome and specifically for chromosome 22 are less biased and probably are a more accurate reflection of the true situation. The fraction of polymorphisms that are indels in humans is consistent with numbers from three model organisms (table 8 ). In the many species with more genetic diversity than humans, average spacing between indels will be impressively low.
Human indel candidates from the ∼1.1 Gb of overlapping BAC sequences (see the "Material and Methods" section) can be further divided into an ∼60:40 ratio of multiallelic STRPs and diallelic indels, respectively. Division of the indels into these two groups is based on the rules listed in the "Material and Methods" section and is therefore somewhat arbitrary. Many sequences categorized as multiallelic will likely turn out to be diallelic, and at least a few of the sequences categorized as diallelic will likely have more than two alleles. Repeat lengths for STRP candidates followed expected patterns (Tó th et al. 2000) . Mononucleotide repeats were most abundant (73% of total), followed by dinucleotide repeats (18%), tetranucleotide repeats (6%) and trinucleotide repeats (2%). For diallelic candidates, most had 1-nt length differences between alleles (76%). The distribution of candidates with у2-nt allele-length differences was very close to table 4. Indels can be easily genotyped using just PCR and gel electrophoresis. Diallelic indels can also be genotyped using the various methods developed for SNPs. The significant difference in sequence between many of the diallelic indels allows these polymorphisms to be efficiently analyzed in a highly automated fashion by allele-specific PCR (J. L. Weber, J. Che, A. Yu, N. Ghebranious, and M. Doktycz, unpublished data). We recommend indels for most genetic studies.
